A series of mesocosm studies were conducted using natural phytoplankton communities isolated from the Neuse River Estuary in the spring of 1998 and 1999 to assess the interactions between nutrient limitation and ultraviolet (UV) radiation on photosynthetic parameters. Treatments consisted of the addition of different forms of nutrients typically found in estuarine environments and the exclusion of ambient UV radiation (wavelengths < 400 nm). The quantum yield of photochemistry (F v /F m ), species composition, and photosynthesis irradiance parameters were measured repeatedly over the course of 4 days. In spring 1998, during a period of stratification and low run-off, nutrient limitation was observed in the Neuse River. The F v /F m parameters in all the mesocosm treatments responded to the addition of nitrogen. The form of the nitrogen addition (nitrate, ammonium, or urea) was insignificant and the addition of phosphorus had no observable effect. Conversely, during a period of high mixing in spring 1999, there was no nutrient addition effect on F v /F m . During both experiments F v /F m exhibited midday light-driven depressions in response to high irradiances, with complete recovery at night. UV radiation accounted for a significant fraction of the midday depression seen in F v /F m . Samples treated with the D1 protein synthesis inhibitor lincomycin showed that the midday decrease in photochemical efficiency was mostly due to photoinduced damage to the D1 protein. As an upper limit estimate, 80% of the decrease in F v /F m centered around local noon appears to be related to this damage. The decrease in photochemical efficiency seen at high light levels in both UVexposed and UV-excluded treatments was not correlated with a decrease in carbon fixation parameters.
Estuaries are highly variable environments; estuarine populations are exposed to a widely fluctuating light environment and exhibit a broad range of physiological acclimation strategies. These acclimation strategies allow the cells to maximize photosynthetic rates given light levels that range from limiting to photodamaging (Cullen and Lewis, 1988; Cullen and MacIntyre, 1998) . The actual target site for damage due to visible wavelengths is a subject of considerable debate; however, nearly all of the proposed damage sites are primary components of the photosystem complex II [PSII; (Telfer and Barber, 1994) ]. During periods of acute light stress, light-saturated photosynthetic rates will be impacted if PSII is damaged (Osmond, 1994) .
Laboratory studies on higher plants and green algae suggest that UV radiation also inhibits the photosynthetic machinery at PSII (Iwanzik et al., 1983; Kulandaivelu and Noorundeen, 1983; Renger et al., 1989; Jordan, 1996) . Specifically, UVB radiation appears to degrade the D1/32 kDa protein complex within PSII (Greenberg et al., 1989; Richter et al., 1990; Melis et al., 1992; Jansen et al., 1993) . Prolonged exposure to UV light will result in damage to the photosynthetic reaction centers and the cell will experience a decrease in the efficiency of photochemistry and ultimately a decrease in productivity (Smith et al., 1980; Booth et al., 1997) . Furthermore, UV exposure may lead to changes in pigment concentration, inhibition of phosphorylation, loss of specific enzyme activity, and decreased carbon and nitrogen assimilation (Worrest et al., 1981; Dohler et al., 1995; Goes et al., 1995; Lohmann et al., 1998; Wangberg et al., 1998) .
Photoinhibition in estuarine phytoplankton may be expected to be minimal due to the increased attenuation of light, especially in the UV wavelengths, associated with high turbidity and colored dissolved organic matter in these systems (Kirk, 1994; Arrigo and Brown, 1996) . However, in the case of UV, there is evidence that there is an enhanced sensitivity to photoinhibition even in turbid environments (Kaczamarska et al., 2000; Banaszak and Neale, 2001 ). Even if light-induced damage is minimal, light levels in these systems may still be sufficient to saturate photosynthesis resulting in physiologically induced depressions in F v /F m . The significance of any potential damage will be more pronounced in nutrient limited cells due to the impaired synthesis or repair of photosynthetic proteins (Prézelin et al., 1986; Lesser et al., 1994; Hunt and McNeil, 1998) .
As part of a larger study on the structure and function of phytoplankton communities in the Neuse river, this work focused on characterizing variability in F v /F m in natural populations over a range of nutrient and light regimes (Richardson et al., 2001) . The degree to which F v /F m is determined by nutrient limitation, physiological down-regulation and/or light-induced damage, the effects of the interactions between light levels and nutrient concentrations, and the relative importance of UV radiation to total irradiance were examined.
M E T H O D Water collection
Water for mesocosm bioassays was collected from 1 m depth along the southwestern shore (35.08°N, 77.00°W) of the Neuse River Estuary in June 1998 and May 1999. Water was pumped into a pre-cleaned (flushed with river water) trailer-mounted 4500 liter polyethylene tank using a non-destructive diaphragm pump and transported to the Institute of Marine Sciences (IMS) in Morehead City, NC. Water was transferred within 2 h of collection to translucent [85% photosynthetically available radiation (PAR) transmittance] fiberglass tanks (55 l) arranged in an outdoor, flow-through sea-water pond at IMS. The pond was continually flushed with sea water from the adjacent Bogue Sound for temperature control.
Mesocosm experimental design
Each tank was randomly assigned one of ten replicated treatment designs consisting of a combination of mixing and nutrient regimes. Tanks were either mixed by gentle bubbling with a slow flow of air or left static. Nutrients, including a control (no additions), +Nitrate (N), +Ammo-nium (A), +NA, +NAP (Nitrate + Ammonium + Phosphate) in 1998 and +N, +A, +U (Urea), +NAU , +NAP in 1999, were added to the respective treatment tanks in the early morning (08:00) of days 0, 1 and 2 and gently mixed thoroughly (see Table I for concentrations). To assess the importance of UV radiation in the Neuse River, a set of mesocosms were added in 1999 and modified so as to allow penetration of PAR only. Mesocosm tanks were covered with UF3 plexiglass to screen out all UV radiation (referred to as UV-excluded samples). These tanks were then mixed by gentle bubbling and had either no nutrients added or were supplemented with +NAP at the same time as the main tanks. Each tank was repeatedly sampled over a 4 day period. Measured parameters include phytoplankton pigments, photosystem II quantum yields, and photosynthesis-irradiance parameters. Incident irradiance (PAR only) was measured over the duration of the experiment using a LiCor Li-1000 with a 4π sensor. Irradiance measurements inside the tanks were conducted with a Satlantic OCE 200 spectral radiometer. The OCE-200 measures downwelling irradiance (Ed) and upwelling radiance (Lu) in situ as well as downwelling surface irradiance (Es) at 14 wavelengths (305, 324, 339, 380, 406, 412, 443, 490, 510, 555, 619, 665, 670, and 705 nm) . All Satlantic sensors were factory calibrated prior to sampling for quality assurance. The collected radiometric data were processed using Satlantic's PROSOFT software package according to the manufacturer's protocols. No dark corrections were applied to these data.
Photochemical quantum yield
Chlorophyll fluorescence data for each sample were collected six times per day using a Pulse Amplitude Modulation Fluorometer (PAM; Heinz-Walz, Germany). Samples were dark adapted for 5 min to allow for relaxation of non-photochemical quenching and then minimal fluorescence (F o ) was measured. A 600 ms flash from a Schlott saturation flash lamp (Schlott Inc., Germany) was administered to measure maximum fluorescence (F m ). Increasing flash intensity or duration did not result in higher fluorescence values, indicating that PSII was saturated. These values were then used to calculate the maximum quantum yield for charge separation at PSII as
where F v /F m is the maximum quantum yield of photochemistry at photosystem II, F o is the minimum fluorescence measured after a short (5 min) dark period, F m is the maximum fluorescence measured after a saturating flash of light, and F v is the variable fluorescence calculated as F m -F o . F o is a measure of fluorescence at PSII when all the reaction centers are open and can accept incoming electrons for photosynthesis whereas F m is measured when the reaction centers are closed and the plastoquinone pool is reduced. On day 2 of the 1999 experiment a subset of samples was incubated with lincomycin which specifically blocks the synthesis of only the D1 protein in photosystem II.
Water was drawn from the control and nutrient-enhanced (both UV-exposed and UV-excluded) tanks before sunrise and lincomycin was added to a final concentration of 150 µg ml -1 . The lincomycin-spiked samples were then enclosed in polyethylene Whirl-Pak (NASCO) bags, returned to the tank from which they were collected, and sampled over the course of the day with the same frequency as control samples.
Phytoplankton photopigments
Phytoplankton community composition was characterized using high-performance liquid chromatographic (HPLC) -derived pigment data. The major phylogenetic groups of interest in the Neuse River were chlorophytes (with corresponding diagnostic pigment chlorophyll b), cyanobacteria (zeaxanthin), diatoms (fucoxanthin), dinoflagellates (peridinin), and cryptomonads (alloxanthin) (Pinckney et al., 1997 (Pinckney et al., , 1998 . Aliquots (0.2 to 1.0 liter) of water were filtered under a gentle vacuum (< 50 kPa) onto 4.7 cm diameter glass fiber filters (Whatman GF/F), immediately frozen, and stored at -80°C. Frozen filters were placed in 100% acetone (3 ml), sonicated, and extracted at -20°C for 12-20 h. Filtered extracts were injected into a Spectra-Physics HPLC equipped with a single monomeric (Rainin Microsorb-MV, 0.46 ϫ 10 cm, 3 µm) and two polymeric (Vydac 201TP, 0.46 ϫ 25 cm, 5 µm) reverse-phase C 18 columns in series. This column configuration was devised to enhance the separation of structurally similar photopigments and degradation products. A nonlinear binary gradient was used for pigment separations (for details, see Pinckney et al., 1996) . Solvent A consisted of 80% methanol:20% ammonium acetate (0.5 M adjusted to pH 7.2) and Solvent B was 80% methanol : 20% acetone. Absorption spectra and chromatograms (440 nm) were acquired using a Shimadzu SPB-M10av photodiode array detector. Pigment peaks were identified by comparison of retention times and absorption spectra with pure crystalline standards, including chlorophylls a, b, ␤-carotene (Sigma Chemical Company), fucoxanthin, and zeaxanthin (HoffmanLaRoche and Company). Other pigments were identified by comparison to extracts from phytoplankton cultures and quantified using published extinction coefficients ( Jeffrey et al., 1999) .
The concentrations of algal photopigments were analysed using CHEMTAX (Chemical Taxonomy), a matrix factorization program, to determine best-fit pigment ratios for the five major algal groups present in the Neuse River (Pinckney et al., 1998) . This program uses steepest descent algorithms to determine the best fit based on an initial estimate of pigment ratios for algal classes. Both the absolute and relative contributions of algal groups to the total biomass can be calculated. The absolute contribution of Nutrient concentrations represent amount added to collected water samples. All concentrations are µmol N or µmol P. Nitrate = N, ammonium = A, urea = U, phosphate = P. n/a = not applicable, not all nutrient treatments were used each sampling year.
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any algal group is the concentration of chl a (in µg l -1 ) that is contributed by that group. Relative contributions are calculated as the proportion of total chl a that is accounted for by the group, such that the sum of contributions of all groups equals 1. Evaluations of the CHEMTAX method have shown it to be generally insensitive to values chosen for the initial pigment ratio matrix Schluter et al., 2000) . Full discussions, validation, and sensitivity analyses of CHEMTAX are provided elsewhere Wright et al., 1996) .
Photosynthesis versus irradiance
The relationship between photosynthesis and irradiance (P-E) was determined using the small volume 14 C incubation method of Lewis and Smith (Lewis and Smith, 1983) . Ten milliliters of estuary water taken from the surface or bottom of the water column was spiked with [ 14 C]bicarbonate (Amersham Inc.) to a final concentration of 29 600 Bq ml -1 . Triplicate samples for T o counts (containing 500 µl of sodium borate-buffered formalin in 10 ml of sample) were collected to correct for any uptake of 14 C label that occurred during the distribution process. Samples collected for total counts (T c ) were prepared by adding 500 µl phenethylamine (PEA) into a 20 ml scintillation vial and then adding 10 ml Ecolume scintillation cocktail. During incubation, a range of irradiances was provided from the side by a Cool-Lux 75 W projector lamp directed through a heat filter of circulating water. Incubations were performed for 45 min, after which 500 µl formalin was added to each vial to terminate the experiment. Samples were then acidified directly with 1 ml 50% HCl and were placed on a shaker table overnight to allow for purging of unincorporated label. After purging, an additional 10 ml of scintillation cocktail was added to each vial. Vials were allowed to sit overnight, then counts per minute were enumerated with a Beckman model LS 5000TD liquid scintillation counter. Counts per minute were converted to disintegrations per minute using quench curves constructed from a calibrated [ 14 C]toluene standard. Dissolved inorganic carbon in estuary water was determined by using a LiCor model LI6252 CO 2 analyzer. Quantum scalar irradiance (µmoles photons m -2 s -1 ) in each position of the photosynthetron was measured using a Biospherical Instruments Model QSL-100 irradiance meter with a QSL-101 4 π sensor. For each measurement, the sensor was inserted into a 20 ml glass scintillation vial that contained 10 ml estuary water. Temperature was kept constant during the incubations with a circulating water bath. The temperature was set to the ambient temperature at the time of collection.
Results were modeled using the following equation (Platt et al., 1980) :
where P B is the rate of photosynthesis normalized to chlorophyll (µgC µg Chl -1 h -1 ), P s B is the maximum rate of photosynthesis in the absence of photoinhibition (µgC µg Chl -1 h -1 ), E is irradiance (µmol photons m -2 s -1 ), ␣ is the initial slope of the P-E curve [(µgC µg Chl -1 h -1 (µmole photons m -2 s -1 ) -1 ], and ␤ is a parameter that characterizes photoinhibition [µgC µg Chl -1 h -1 (µmole photons m -2 s -1 ) -1 ). Curves were fitted to P-E data using a least-squares non-linear curve-fitting routine in Kaleidagraph. Values for P max B , the realized maximum rate of photosynthesis, and E k , the conventional index of light saturation, were calculated by the method of Platt et al. (Platt et al., 1980) from values of P s B , ␣, and ␤ determined from curve fits. Measurements of total Chl a for P-E experiments were performed fluorometrically using a Turner Designs model TD-70 fluorometer after grinding and extraction of triplicate samples in ice-cold 90% acetone for at least 24 h in the dark at -10°C.
R E S U LT S
The maximum quantum yield of photochemistry (F v /F m ) varied over hourly and daily time scales and between years. However, the diurnal trends in F v /F m were consistent between sampling years, treatment conditions, and species composition. The diurnal variability in F v /F m was highly dependent on incident irradiance (Figure 1 ). There was an inverse relationship between quantum yield and irradiance with minimum F v /F m values corresponding to local noon (maximum incoming PAR between 1500-2000 µmol photons m -2 s -1 ) and complete recovery at night.
The 1998 experiment was marked by low overall F v /F m values (initial value of 0.102). All samples exhibited daily decreases in F v /F m values coincident with local noon (Figure 1a) . The diel variation resulted in a 54% change (average for all samples) in F v /F m over the course of the day. The decreases in F v /F m were more dependent on lower F m values rather than an increase in F o . A night-time recovery phase was observed in all treatment conditions, however the recovery phase was more rapid for samples which were provided with nutrients (see Figure 1a) . All nutrient additions resulted in a significant increase in F v /F m ( Figure 2a) ; however there was no significant impact associated with phosphorus (one way ANOVA, P < 0.05).
Similar diurnal trends were observed in 1999 as in 1998, with an inverse relationship between quantum yield and irradiance. Likewise, changes in F v /F m were dependent on F m rather than F o values. In 1999, F v /F m values were higher at the start of the sampling period (initial value of 0.204) than in the 1998 experiment and also increased within the mesocosms during the experiment (Figure 1b) . This increase was seen in both the control and all of the nutrient treatments. In contrast to 1998, there was no observable increase in F v /F m in response to any of the nutrient additions in 1999 (Figure 2b ).
Disparities in F v /F m values between sampling years may be due to a shift in species composition. The 1998 sampling period was marked by an abundance of cyanobacteria (Table II) . In 1999, the mesocosms were initially dominated by cryptophytes which were quickly replaced by diatoms. This succession is probably due to both competitive and grazing pressures within the mesocosms, which is not unusual for the Neuse River Estuary. The summer months in this area are typically dominated by diatoms with sporadic cryptophyte blooms throughout the year (Pinckney et al., 1998) UF3 covers on select tanks in 1999 altered both the quality and quantity of the surface light field in the tanks (Figure 3) . UV-exposed samples were subject to an . Light treatments were added in 1999. ᭡ control, UV-exposed; ᭹ NAP addition, UV-exposed; ᭝ control, UV-excluded; ᭺ NAP addition, UV-excluded. Each point represents the average of triplicate measurements and error bars represent standard deviation from the mean. Superimposed is the amount of available light (PAR).
average of 64 µmol photons m -2 s -1 of UVB wavelengths (305-400 nm). UV-excluded samples were subject to an average of 6.4 µmol photons m -2 s -1 of UVB light. Diurnal trends in F v /F m are the same for UV-exposed and UV-excluded tanks, however exclusion of UVB alleviates a significant fraction of the midday depression in F v /F m (Figures 1b and 4) . UV-exposed samples had an average 57% decrease in F v /F m values from morning to noon (similar to results from 1998) while UV-excluded samples had only a 42% average change.
The exclusion of UV light did not produce a concomitant decrease in photosynthesis-irradiance parameters ( Figure 5 ). There was no significant change in P max , ␣, or E k between UV-exposed and UV-excluded samples (paired t-test, P < 0.01; Figure 5a ). In addition, there was no change in total Chl a concentrations between UVexposed and UV-excluded samples in either the control or nutrient-enhanced samples (Figure 5b ).
The addition of lincomycin greatly diminished the ability of all samples to recover from a proportion of the midday depression observed in The dominant species is in boldface. There were not any significant alterations in phytoplankton community structure in response to nutrient or light treatments. Total chlorophyll a concentrations are µg L -1 . Note that values are an average for all treatments.
1991; Boyer et al., 1994; Mallin, 1994) . Nutrient limitation was demonstrated in the F v /F m data, but only during periods of prolonged stratification after nutrients had been depleted from the water column. The Neuse River tends to undergo periods of intense stratification due to freshwater runoff and low turbulent mixing, as in 1998 (Paerl et al., 1995; Robbins and Bales, 1995) . The marked decrease in vertical mixing allows surface depletion of nutrients resulting in a state of nutrient limitation. During these times phytoplankton populations respond by a shift in community composition (Pinckney et al., 1998) and will exhibit increases in photochemical quantum yields with nutrient additions as seen during the 1998 experiment ( Figure 2 ). The 1998 data reflect the stratified and nutrient-limited state of the water column at the time of water collection. Nitrate and phosphate levels were one-half and one-third lower than in 1999, respectively (Table III) . The increases in F v /F m in 1998 suggest nitrogen limitation in the Neuse River as additions of phosphate did not change the F v /F m values. In 1999, there was no significant response in F v /F m with the addition of nutrients. However, nutrient additions did result in an increase in overall biomass ( Figure 5 ) indicating that these samples were somewhat limited in nutrients. The diurnal variability seen in F v /F m is dependent upon the incoming irradiance; midday depressions reflect the light saturation of the photosynthetic reaction centers and subsequent oxidation of the plastoquinone pool (Falkowski and Raven, 1997) . Historically, midday decreases in F v /F m have been linked to the inactivation of the photosystem II reaction centers. Despite protective mechanisms, high light will still damage some PSII reaction centers which can then lead to a reduction in carbon fixation (Renger et al., 1989; Jordan, 1996) . In our experiment, midday light levels (up to 1200 µmol photons m -2 s -1 at the tank surface at noon) were always higher than E k (average E k value 300 µmol photons m -2 s -1 ; see Figures 1 and 5 ). At these irradiance levels the system is light saturated and F v /F m values decrease as light intensities approach E k . The decreases in F v /F m were due mainly to decreases in F m . A decrease in F m is most often interpreted as a non-functional form of the primary electron acceptor, Quinone a (Q a ) as incoming light energy is irreversibly passed to Q a resulting in a stable charge separation (Styring and Jegerschold, 1994) . This is a slow reaction with very little chance for a back reaction resulting in florescence, thus decreasing total fluorescence (F m ).
The observed photoinhibition in this experiment reflects damage from both UV radiation (Smith et al., 1980; Goes et al., 1995) and visible light (Prézelin et al., 1986) . Approximately 12-15% of the midday drop in F v /F m in 1999 was associated with UVB radiation. This Chl a (µg L -1 ) 2 0 1 5
NO x and PO 4 levels were significantly higher in 1999, due to a storm mixing event, than in 1998. These data were collected during routine water quality monitoring in the Neuse River.
significant UV inhibition was not entirely expected given the high loads of colored dissolved organic matter that are traditionally found in rivers such as the Neuse River, which strongly absorb at UV wavelengths (Kirk, 1994) . This supports the idea that UV radiation can be a significant factor for surface or well-mixed populations even in highly turbid waters (Cullen and Lewis, 1988) . Phytoplankton have several physiological strategies allowing them to thrive in super-saturating light environments. At high levels of incoming irradiance, photosynthetic algae are not able to utilize all of the incoming light energy for photosynthesis; the rate of electron transport through PSII is no longer dependent on light absorption (Falkowski et al., 1994) . This was the case in our experiment as shown by the decrease in F v /F m . However, this decrease in photochemical efficiency seen at high light levels was not reflected in the carbon fixation potential (P B max ). Since light-saturated carbon fixation remains unaffected by super saturation at PSII this indicates that there has been an increase in the turnover rate of electrons through PSII as
where 1/ PSII is the electron turnover through PSII reaction centers and n is the number of photosynthetic units (Kolber et al., 1988; Behrenfeld et al., 1998) . Under these conditions, as F v /F m decreases with no concomitant change in P max , the instantaneous rate of photosynthesis is limited by the dark reactions as electron turnover through PSII (1/) has increased to keep up with the demand for electrons through the light reactions. These results support the findings of Behrenfeld et al. who hypothesized that decreases in productivity are not necessarily proportional to photoinhibition (Behrenfeld et al., 1998) . The lack of photoinhibition at supersaturating light levels has also been attributed to increased turnover of the D1 protein (Aro et al., 1993a; Rintamaki et al., 1994; Park et al., 1995) . As light exposure increases, the PSII reaction center proteins are damaged and must be synthesized and replaced in order to restore photosynthetic operation (Aro et al., 1993b) . The actual amount of measurable (net) damage is a balance between damage and synthesis and repair rates. The protein synthesis inhibitor lincomycin specifically blocks the synthesis of the D1 protein (Osmond, 1994) . The difference between lincomycintreated and non-lincomycin-treated samples provides an upper limit estimate of the light-induced loss of the D1 protein. Our results show that preventing D1 turnover by blocking its synthesis almost completely eliminates the pool of PSII capable of recovery from light-induced inhibition. The disparity in recovery rates between lincomycin-treated and non-treated samples implies that a significant fraction of the decline in the photochemical efficiency at high light levels reflects damage to the D1 protein and illustrates how the balance between damage, synthesis and repair is critical to maintaining the photosynthetic function of the cell. In this study, an increased availability of nutrients afforded a more rapid recovery in photochemical efficiency, but did not protect against photoinduced impairment and down-regulation of PSII. Nitrogenstarved cultures have been shown to be more suscept-ible to photoinhibition both by excess PAR and UV radiation as compared to nutrient-replete cells (Prézelin et al., 1986; Kolber et al., 1988; Lesser et al., 1994; Hunt and Mc Neil, 1998) . This may be due to changes in D1 protein concentration or turnover (Kolber et al., 1988; Renger et al., 1989) , changes in rubisco functioning ( Jordan, 1996; Yin and Johnson, 2000) , or decreased nitrogen uptake ability (Lohmann et al., 1998) . The variations in UV sensitivity for natural phytoplankton assemblages under nutrientlimited conditions have yet to be fully explored. Our results demonstrate that nitrogen-limited phytoplankton do not appear more susceptible to photoinduced impairment. Alternatively their repair/recovery processes are adversely affected. Thus, nutrient-limited samples cannot recover from photoinduced damage as quickly as nutrientreplete samples. Over time, this will emerge as a decrease in photosynthetic ability leading to a decrease in carbon fixation.
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